During lactate fermentation by Propionibacterium freudenreichii subsp. shermanii ATCC 9614, the only amino acid metabolized was aspartate. After lactate exhaustion, alanine was one of the two amino acids to be metabolized. For every 3 mol of alanine metabolized, 2 mol of propionate, 1 mol each of acetate and C02, and 3 mol of ammonia were formed. The specific activity of alanine dehydrogenase was 0.08 U/mg of protein during lactate fermentation, and it increased to 0.9 U/mg of protein after lactate exhaustion. Alanine dehydrogenase and aspartase, key enzymes in the metabolism of alanine and aspartate, respectively, were partially purified, and some of their properties were studied. Alanine dehydrogenase had a pH optimum of 9.2 to 9.6 and high Km values for both NAD+ (I to 4 mM) and alanine (7 to 20 mM). Activity was inhibited by low concentrations of pyruvate and NADH. The pH optimum of aspartase decreased from -7.5 to -6.4 when the MgCI2 and aspartate concentrations were decreased. Plots of aspartate concentration versus activity showed either hyperbolic or sigmoidal kinetics (interaction coefficient, up to a value of 3.1), depending on pH and MgCI2 concentration. MgCI2 was either an activator or an inhibitor, depending on pH and its concentration. Aspartase activity was inhibited by low concentrations of fumarate. The properties of alanine dehydrogenase and aspartase are consistent with the finding that aspartate is metabolized during lactate fermentation, while alanine is only fermented after lactate exhaustion and then at a slow rate.
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Aspartate was the only amino acid metabolized during lactate fermentation by five strains of Propionibacterium freudenreichii subsp. sher,mnaniii grown in complex medium (7) . As a consequence of this aspartate metabolism to succinate and ammonia, some lactate is diverted from propionate to acetate and CO2. After lactate exhaustion, two amino acids (alanine and serine) are more readily metabolized than the others present. It was concluded that aspartate would be the only amino acid metabolized in Swiss-type cheese during the initial period when lactate is being rapidly fermented. Thus, aspartate metabolism may help explain the presence of succinate and the ratio of propionate to acetate found in Swiss-type cheese (7) .
Brendehaug and Langsrud (4) studied the metabolism of an amino acid mixture by using resting cell suspensions of four strains of propionibacteria. They concluded that amino acids are potential substrates for CO, production in Swisstype cheeses during long-term storage and that this metabolism may be partly responsible for a secondary fermentation and for an associated split defect in the cheese.
Previously, aspartase (EC 4.3.1.1) was identified as the key enzyme involved in the metabolism of aspartate (7) . In the present study, alanine dehydrogenase (EC 1.4.1.1) was shown to be the key enzyme involved in the metabolism of alanine. The properties of these two enzymes were investigated in the present study to understand why only aspartate and not alanine is metabolized during lactate fermentation.
MATERIALS AND METHODS
Organisms and culture conditions. The five strains The complex and defined media used to grow P. fireudenreichii subsp. slher,nCsanii contained 170 mM DLlactate and have been described previously (6) . Cultures were grown at 30°C either statically or anaerobically. In the latter case, N,-CO, (95:5, vol/vol) was bubbled (-30 ml/min) through the medium after being passed over freshly regenerated, heated copper turnings to remove any traces of oxygen.
Enzyme assays. Cell extracts were routinely prepared as described previously (6) . The aspartase activity was routinely assayed at 25°C by measuring the production of fumarate at 240 nm, when the standard assay (1 ml) contained 100 mM imidazole hydrochloride (pH 7.0), 50 mM L-aspartic acid, 1 mM MgCl., and diluted cell extract (7) .
However, when the aspartase reaction mixture contained either fumarate or pyruvate (see Results) . the reaction was monitored at 270 rather than 240 nm. The molar extinction coefficient of fumarate (505 M-1 cm-1) at 270 nm was determined with known concentrations of fumarate under standard assay conditions. One unit of aspartate activity was defined as the amount of enzyme producing 1 p.mol of fumarate per min.
Fumarase activity was routinely assayed by measuring the disappearance of fumarate at 240 nm, when the standard assay (1 ml) contained 100 mM imidazole hydrochloride (pH 7.0), 0.5 mM fumarate, 1 mM MgCl., and diluted cell extract. One unit of fumarase activity was defined as the amount of enzyme utilizing 1 p.mol of fumarate per min.
Alanine dehydrogenase activity was routinely assayed by measuring the production of NADH. The standard assay (1 ml) contained 100 mM 1,3-bis[tris(hydroxymethyl)-methylamino]propane (Bis-Tris-propane) hydrochloride buffer (pH 9.5). 10 Alanine and serine utilization was detected within 10 h of lactate exhaustion. Glycine utilization was first detected 35 to 40 h after lactate exhaustion, while utilization of glutamate, histidine, and threonine was evident 60 to 80 h after lactate exhaustion (data not shown).
Complex medium was supplemented with either alanine or serine to a final concentration of 45 mM and was inoculated with three strains (NCDO 566, ATCC 9614, and KFA). The fermentation products after alanine or serine exhaustion were compared with those present 1 h after lactate exhaustion when only aspartate had been used. For the three strains, the differences indicated that 45 mM alanine plus 2 mM serine (the basal concentration) were fermented to 30 to 32 mM propionate and 16 to 17 mM acetate. In contrast, 45 mM serine and 4 mM alanine (the basal concentration) were fermented to 17 to 19 mM propionate and 31 to 33 mM acetate. The ammonia concentration 1 h after lactate exhaustion was 6 mM as compared with the concentration of 53 to 57 mM detected after either of the supplemented amino acids was metabolized. This indicates that the contribution of the other amino acids to the fermentation products was negligible at the point of alanine and serine exhaustion (data not shown).
In defined medium containing 170 mM DL-lactate and supplemented with alanine and serine, three strains (NCDO 566, ATCC 9614, and KFA) showed long variable lag phases (40 to 80 h). No metabolism of the two amino acids (at concentrations of either 10 or 40 mM) was observed after a 3% inoculum had been incubated for 330 h. Therefor subsequent work was done in complex medium. One o two amino acids metabolized soon after lactate exhaus alanine, was studied in more detail.
Alanine utilization in anaerobic cultures grown in con medium. Alanine was added to complex medium concentration, 106 mM), which was then inoculated ATCC 9614. The alanine concentration did not decr until after lactate exhaustion (Fig. 1) . The aspartate (4 present in complex medium was utilized before la exhaustion (data not shown). After lactate and aspa exhaustion, the alanine concentration decreased, while t was an associated increase in the concentrations of prol ate, acetate, and ammonia (data not shown). From the of lactate exhaustion (28 h) to the time of alanine exhaus the propionate and acetate concentrations increased b and 34 mM, respectively. The growth rate during la utilization was fast, with a doubling time of 6 h, comp with that during the period when alanine was being m( olized, i.e., a doubling time of 135 h. The specific activi alanine dehydrogenase decreased during lactate ferm4 tion and subsequently increased during utilization of ala reaching a maximum specific activity 77 h after inocula After this time, there was a slight decrease in the spe activity of alanine dehydrogenase, even though alanine still being metabolized.
In complex medium containing only the basal ala concentration (4 drogenase in the streptomycin sulfate supernatant. The , alanine dehydrogenase had an estimated molecular weight of 1.o0 185,000 by using the calibrated Sephacryl S-200. The purified alanine dehydrogenase (specific activity, 15 to 18 U/mg of protein) from the Sephacryl S-200 step was used to study the kinetic properties.
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Properties of aspartase. The effect of pH on aspartase activity was studied in 100 mM Bis-Tris-propane, triethano- lamine, and imidazole buffers (pH adjusted with HCI). At common pH values, activity was similar in all three buffers, and therefore, results are described only for Bis-Trispropane hydrochloride buffer. The pH optimum was 6.9 to 7.9, and activity at pHs 6.2 and 8.7 was 62 and 42%, respectively, of the optimum activity when assayed with 50 mM aspartate and 10 mM MgCl2 in the reaction mixture. With lower concentrations of aspartate (15 mM) and MgCl. (1.5 mM), the maximum activity was 44% of the maximum activity detected with the higher substrate concentrations and the pH optimum had shifted to 6.2 to 6.8, with only 26% of the optimum activity being detected at pH 7.3.
To cover the possible physiological factors important for activity, the kinetics of aspartase were studied at pHs 6.2 and 7.5. At pH 6.2, MgCl, at different concentrations inhibited aspartase activity with the different aspartate concentrations tried (1.5 to 50 mM). Activity in the absence of MgCI2 was not tested, as the purified aspartase preparation was unstable when preparations were extensively dialyzed in MgCl-free buffers. The Lineweaver-Burk plots obtained when aspartate concentration was varied in the presence of different MgCl. concentrations at pH 6.2 are shown in Fig. 2 In contrast, at pH 7.5, activation by MgCl. was noted over a wide range of aspartate concentrations, although at high concentrations (>10 mM), MgCl. was an inhibitor. The relationship between aspartase activity and aspartate concentration showed various degrees of sigmoidal kinetics depending on the MgCl2 concentration. Hill plots (log 1'/Vmax-v versus log aspartate concentration) of the data showed that the interaction coefficient (tll) increased from 1.1 to 3.1 as the MgCl concentration was decreased from 100 to 0.125 mM ( At pH 7.5. low concentrations of MgCl2 activated the aspartase activity, and this activation showed either Michaelis-Menten or sigmoidal kinetics, depending on the aspartate concentration (Fig. 3) . Hill plots (results summarized in Table 4 ) indicate that the lowest affinity of aspartase for the activator MgCl. [(MgCl4,)0.V, 0.03 mM] was with the highest aspartate concentration used, and this value increased to 13 mM MgCl, as the aspartate concentration was decreased to 2.5 mM. The interaction coefficient of 1.0 (Table 4 ) and the hyperbolic kinetics (Fig. 3) indicate that at high aspartate concentrations (25 to 100 mM), MgCl2 activation followed Michaelis-Menten kinetics. The interaction coefficient was 1.7 to 2.3 at the lower aspartate concentrations used, indicating that MgCl. activation can be cooperative. The MgCl. concentration required to inhibit 50% of the activity [(MgCl2)0.51] was high (41 to 76 mM), and the Hill plots indicated that the MgCl. inhibition was cooperative (IH. -1.5 to -2.0).
Two possible metabolites were investigated for their effects on aspartase activity over a range of assay conditions (Table 5 ). Fumarate is one of the products of the aspartase reaction as well as being an intermediate of lactate fermentation. Pyruvate is present at high concentrations during lactate fermentation (6) . For most assay conditions, fumarate was a strong inhibitor of aspartase activity, with 50% inhibition of activity being noted with 0.2 to 0.6 mM fumarate (pH 6.2) and 1.1 to 2.5 mM fumarate (pH 7.5). At pH 7.5 with 50 mM aspartate and 0.1 mM MgCl2 present, only a 10% reduction in activity was found with 3 mM fumarate. This was also the only assay condition under which sodium pyruvate (60 mM) significantly inhibited aspartase activity. For all other assay conditions, the differences between inhibition by 60 mM sodium pyruvate and by 60 mM NaCl were small, indicating pyruvate itself caused only slight inhibition. Substitution of NaCl by KCI gave a similar pattern of inhibition of aspartase activity (data not shown).
Properties of alanine dehydrogenase. The effect of pH on alanine dehydrogenase activity was determined in 100 mM Bis-Tris-propane hydrochloride buffer (pH 6.3 to 9.5) and 100 mM sodium carbonate-sodium bicarbonate buffer (pH 9.2 to 10.8). The activities were similar in the two buffers at a common pH (9. 3). The pH optimum was 9.2 to 9.6, and activities at pHs 10.8, 8.0, 7.5, and 7.0 were 52, 36, 23, and 13%, respectively, of the optimum activity when assayed with 10 mM NAD+ and 25 mM alanine. The pH activity profiles were similar when determined with lower substrate concentrations (3 mM NAD+ and 5 mM alanine), when maximum activity was 42% of that with the higher substrate concentrations. Kinetics were measured near the pH optimum (9.5) and at a pH (7.5) that should be closer to the physiological pH.
By using an assay pH of 9.5, plots of 1/v versus 1/alanine gave a series of intersecting lines at four different NAD+ concentrations (Fig. 4A) . A similar pattern was observed for plots of 1/v veruses 1/NAD+ at five alanine concentrations (Fig. 4B) . Similar intersecting patterns were obtained at pH 7.5 (data not shown). Some of the Vmax and apparent Km values obtained from these plots are shown in Table 6 . The apparent Km for NAD+ varied from 1.3 to 10.5 mM, depending on the pH and alanine concentration. The apparent Km for alanine was higher and varied from 5 to 28 mM depending on the pH and NAD+ concentration. At similar concentrations of the fixed substrate, the Vmax values were higher at pH 9.5 compared with those at 7.5.
Product (ammonia, NADH, and pyruvate) inhibition of the oxidation of L-alanine by alanine dehydrogenase was studied by varying the concentrations of the three products in the presence of low and high substrate concentrations at (-, With the addition of 3 mM fumarlte, 90% of the activity was present. pHs 7.5 and 9.5. The concentrations required for the three products to give 50% inhibition of activity are shown in Table 7 . Pyruvate inhibition of alanine dehydrogenase was greater at pH 7.5 than at pH 9.5, and at both pH values inhibition by pyruvate was greater when assayed with the high substrate concentrations. With all four assay conditions (Table 7) , NADH was the most effective inhibitor and ammonia was the least.
The effects of the three inhibitors on the alanine dehydrogenase activity were studied in more detail at pH 7.5. The changes in Vmax and apparent Km values due to the presence Fig. 4A and B, respectively).
of different inhibitors are summarized in Table 8 . Linear regression analysis of Lineweaver-Burk plots indicates that both NADH and pyruvate gave a mixed-type inhibition pattern, with both alanine and NAD+ as the varied substrate. Ammonia gave a competitive inhibition pattern, with alanine as the varied substrate and a mixed-type inhibition pattern with NAD+ as the varied substrate.
DISCUSSION
Though aspartase was identified in propionibacteria in 1932 (24) , only preliminary studies have been done with the partially purified enzyme from "Propionibacterium peterssonii" (9, 10) . The pH optimum of the partially purified aspartase from ATCC 9614 was around the normal intracellular pH of 7, being between pHs 6.9 and 7.9 or pHs 6.2 and 6.8, depending on the MgCl2 and aspartate concentrations. Around pH 7, the aspartate kinetics were either hyperbolic or sigmoidal, depending on the pH (6.2 or 7.5) and the MgCl2 concentration ( Fig. 2 and Table 3 ). MgCl2 can be either an activator (with either hyperbolic or symoidal kinetics) or an inhibitor, depending on the pH and aspartate concentration ( Fig. 2 and Table 4 ). Thus, pH together with MgCl2 and aspartate concentrations is probably important in determining the intracellular activity of aspartase. The Km value for aspartate was high (>9 mM; Fig. 2 and Table 3) , and fumarate was a strong inhibitor of aspartase activity (Table  5 ) under a wide variety of assay conditions. Thus, it is not surprising that aspartate was only utilized at a slow rate during the initial stages of growth on lactate (7) . Fumarate is a common intermediate of both aspartate and lactate metabolism, and so the aspartate accumulates to high levels, tending to overcome the inhibition by fumarate. In contrast to alanine dehydrogenase activity, aspartase activity was not inhibited (Table 5 ) to any significant extent by the high intracellular concentrations of pyruvate found during utilization of lactate (6) .
The aspartase from ATCC 9614 has a molecular weight of 190,000, which is similar to that reported for the enzyme from Escherichia coli (183,000) (22) and Enterobacter aerogenes (180,000) (25) . The pH optima (-6.4 or -7.5) of the aspartase from propionibacteria (with low or high concen- ,ug of purified enzyme was used.
The product concentration giving 50% inhibition was determined from plots of percent activity versus inhibitor concentration (five to seven of the appropriate inhibitor concentrations were used per plot).
trations, respectively, of MgCl2 and aspartate) were lower than the pH optimum of 8.5 for E. aerogenes (25) and the pH optimum of 8.7 for the E. coli enzyme, which shifted to pH 7.7 in the absence of MgCl2 (22 Alanine was only metabolized after lactate exhaustion in anaerobic or static cultures of P. freudenreichii subsp. shermanii (Fig. 1) . The products suggested the following reaction: 3 mol of alanine -+ 2 mol of propionate + 1 mol of acetate + 1 mol of CO2 + 3 mol of ammonia.
The specific activity of alanine dehydrogenase was highest after lactate exhaustion, suggesting the involvement of this enzyme in the metabolism of alanine. Thus, the NADH formed by the metabolism of alanine to pyruvate via alanine dehydrogenase was reoxidized in the subsequent formation of the fermentation products.
The pH optimum of the alanine dehydrogenase from ATCC 9614 was 9.2 to 9.6, with only 13% of the optimum activity being measured at pH 7.0. For an external pH of 6 to 7, the normal intracellular pH for bacteria is -7 (17). For significant activity at pH 7.5, high concentrations of both NAD+ and alanine were required, as indicated by the high apparent K,, values for NAD+ (1 to 4 mM) and alanine (7 to 20 mM) ( Table 6 ). Two of the three products of the L-alanine oxidation by alanine dehydrogenase (pyruvate and NADH), were strong inhibitors of activity at pH 7.5 (Table 7) . During lactate utilization, pyruvate is present at high intracellular concentrations (20 to 100 mM) in strains of P. freuidenr-ehihii subsp. shermanii (6) . This concentration drops to undetectable levels (<1 mM) after lactate exhaustion. Thus, during lactate utilization by propionibacteria, a combination of the low specific activity of alanine dehydrogenase (Fig. 1) along with the likely unfavorable in vivo conditions for activity (i.e., pH, pyruvate, and substrate concentrations) resulted in no alanine utilization. This occurred only after lactate exhaustion, when the specific activity of alanine dehydrogenase increased (Fig. 1) and the pyruvate inhibition of activity would be relieved. NADH, another product inhibitor, probably plays a role in influencing alanine utilization because of the unfavorable equilibrium of the deamination reaction.
Thus, an in vivo situation with a high NAD+/NADH ratio favors the deamination of alanine (21) .
Previous results have suggested that high intracellular pyruvate concentrations are present in propionibacteria growing in Swiss-type cheese (6) . The pH of Swiss-type cheese is between 5.0 and 6.0. Thus, in propionibacteria during lactate fermentation in Swiss-type cheese, the intracellular pH (<7) and pyruvate concentration would inhibit alanine fermentation. Only after lactate exhaustion could alanine be fermented and contribute to CO2 production. This could occur during long-term storage and would contribute to the split defect (4) .
Alanine dehydrogenase can have either an ammonia assimilation role (1, 16, 19) or a catabolic function (18, 20) in microorganisms. The results in this study indicate a catabolic function for the alanine dehydrogenase from ATCC 9614, although this enzyme may also have a role in ammonia assimilation. The alanine dehydrogenase from Bacillius suibtilis has an ordered mechanism, with NAD+ binding before L-alanine and ammonia, pyruvate, and NADH being released in that order (14) . A different mechanism for the enzyme from ATCC 9614 was indicated by the product inhibition pattern (Table 8) . The pattern suggests an ordered binding by alanine and then NAD+, followed by the random release of pyruvate and NADH, with ammonia being released last. Alanine dehydrogenase has not been previously studied from propionibacteria, although activity has been reported in one strain (5) .
During lactate fermentation by propionibacteria, enzyme levels and intracellular conditions (pH and concentration of substrates and inhibitors) favor aspartase activity and not alanine dehydrogenase activity. The same regulatory considerations are likely to determine amino acid utilization in propionibacteria during lactate utilization in Swiss-type cheese. The high intracellular pyruvate concentrations found during lactate fermentation appear to account not only for the preferential use of the L(+) isomer of lactate (6) but also for the shutdown in the metabolism of alanine. During lactate fermentation by propionibacteria, it is likely that pyruvate (a keto acid) would also inhibit the metabolism of other amino acids that give rise to keto acids.
